Thermally induced unfolding and renaturation capability of alkaline proteases (AP) of three Pseudomonas aeruginosa strains, i.e. ATCC 27853 and two clinical isolates, were examined. Sequence analyses demonstrated a high level of aprA genes identity (99.24-99.8%) in these bacterial strains. The proteases retained 45-60% and 15% of their activity after pre-treatment at 60oC and 80oC, respectively, whereas pre-incubation at 90-95oC resulted in a higher level of activity than at 80oC. Zymography analyses and immunoblotting with AP antiserum suggested a high thermostability and renaturation capability of the studied enzymes in comparison to another P. aeruginosa protease, elastase B. An intrinsic capability of renaturation of P. aeruginosa AP was confirmed by fluorescence spectra of the native, thermally denatured, and renatured enzyme. The value of the fluorescence intensity of the denatured and subsequently cooled enzyme recovered to about 80% of the value of the native protein fluorescence intensity. Moreover, pre-incubation of the enzyme at 60oC and 90oC exerted only a slight effect on the intensity of absorbance and the shape of the amide I band, as demonstrated by Fourier transform infrared (FTIR) spectroscopy performed after subsequent cooling of the pre-treated enzyme. The results indicated a high renaturation capability of the P. aeruginosa AP proteins.
INTRODUCTION
The Pseudomonas aeruginosa alkaline protease (EC 3.4.24.40) named aeruginolysin is a zinc-dependent metalloprotease. It is a member of the serralysin family and belongs to the metzincin superfamily of metalloendopeptidases (Rawlings et al., 2010) . Aeruginolysin is homologous to 50-kDa metalloproteinases secreted by Serratia marcescens and Dickeya dadantii. An analysis of P. aeruginosa aeruginolysin, S. marcescens metalloprotease, and protease C (PrtC), i.e. one of the four serralysins secreted by D. dadantii, had shown that these proteins consist of an N-terminal catalytic domain of about 230 amino acid residues and a C-terminal calcium binding domain of approximately 240 amino acid residues (Okuda et al., 1990; Guzzo et al., 1991; Miyatake et al., 1995) . The catalytic domain contains an extended zinc-binding motif HEXXHXUGUXH (X and U indicate an arbitrary and a bulky hydrophobic amino acid, respectively) and a conserved methionine located in a turn near the base of the metal binding pocket. The structural domain that folds into a β-roll stabilized with calcium ions contains a repetitive glycine-rich nanopeptide, characteristic for repeat-in-toxin (RTX) proteins, and a secretion signal located within the last 70 residues (Baumann et al., 1993; Feltzer et al., 2000; Zhang et al., 2012) . The genetic region for the synthesis and secretion of P. aeruginosa alkaline protease (AP) contains five open reading frames: aprA which is a structural gene of the protease, aprI which encodes a protease inhibitor, and aprD, aprE, and aprF genes, whose protein products are involved in secretion of the protease and constitute the Type 1 secretion system (T1SS) in P. aeruginosa (Duong et al., 1992; Duong et al., 1996; Hoge et al., 2010) .
Being one of the P. aeruginosa virulence factors, alkaline protease is produced during keratitis, otitis media, cystic fibrosis, and bacteraemia (Caballero et al., 2001; Leidal et al., 2003; Guyot et al., 2010; Butterworth et al., 2012) and it is implicated in hydrolysis of many biologically important proteins, including cytokines (Parmely et al., 1990) , complement factors (Hong & Ghebrehiwet, 1992) , matrix metalloproteinases (Twining et al., 1993) , γ-interferon and tumor necrosis factor-α (Horvat & Parmely, 1988; Parmely et al., 1990) .
Our previous report demonstrated that three P. aeruginosa strains, i.e. a reference strain ATCC 27853 and two human clinical isolates PA C124/9 and PA 02/18, displayed different profiles of secreted proteases depending on the strain and on the medium used for bacterial culture. We had confirmed presence of the lasB gene encoding elastase B and the aprA gene coding for alkaline protease in the genomes of the three P. aeruginosa strains analysed. Interestingly, the AP was produced mainly during bacterial growth in minimal M9 medium (Andrejko et al., 2013) . Our preliminary experiments revealed a surprising renaturation capability of the AP secreted by P. aeruginosa ATCC 27853. Although P. aeruginosa alkaline protease has been described (Okuda et al., 1990; Guzzo et al., 1991; Baumann et al., 1993; Miyatake et al., 1995; Bayoudh et al., 2000; Rahman et al., 2006; Patil & Chaudhari, 2009; Hoge et al., 2010) , such a capability has not been reported. by alkaline proteases of other P. aeruginosa strains, in this paper we studied the thermally induced unfolding and renaturation capability of alkaline proteases of the three P. aeruginosa strains, in parallel with comparative sequence analysis of the aprA genes and AP proteins of these bacteria. Given that alkaline protease is considered as one of P. aeruginosa virulence factors implicated in many diseases, our results on AP unfolding and renaturation provide an additional insight into P. aeruginosa pathogenicity.
MATERIALS AND METHODS
Bacterial strains and culture conditions. A pyocyanin-producing Pseudomonas aeruginosa strain ATCC 27853 (ATCC) and two human clinical strains PA C124/9 (PA9) and PA 02/18 (PA18) were used in the study. The bacteria were grown overnight at 37ºC in M9 minimal medium supplemented with monosodium glutamate (0.13 M), glycerol (0.1 M), and CaCl2 (0.01 M) on a rotary shaker (120 rpm). For some experiments, the bacteria were cultured in Lysogeny Broth (LB medium, Sigma-Aldrich) as described in our previous report (Andrejko et al., 2013) .
DNA methods and sequence analysis. Standard techniques were used for genomic DNA isolation, agarose gel electrophoresis, PCR, and sequencing (Sambrook et al., 1989) . PCR amplifications of 1.5-kb long fragments containing the whole alkaline protease gene from P. aeruginosa PA C124/9, PA 02/18, and ATCC 27853 strains were performed using primers aprA-F (forward, 5'-CCTGATCKGGCCGATAACTGCAAT-3') and aprA-R (reverse, 5'-GGAAGACASCTATCAATTC-GAACAG-3'), and reaction conditions described earlier (Andrejko et al., 2013) . The PCR products obtained were purified on columns (A&A Biotechnology) and then sequenced using a BigDye terminator cycle sequencing kit (Applied Biosystems) and an ABI Prism 310 sequencer. The sequences generated in this study for the aprA gene of the P. aeruginosa PA C124/9, PA 02/18, and ATCC 27853 strains were deposited in NCBI GenBank under accession numbers: JX853448, JX853449, and JX853450, respectively. An analysis of the sequences at both, the nucleotide and amino acid level, was carried out using the FASTA and BLAST programs available at the European Bioinformatics Institute (Hinxton, UK) and the National Centre for Biotechnology Information (Bethesda, MD, USA). Alignment of the amino acid sequences of AP proteins of the P. aeruginosa strains and homologous proteases was done by using the Clustal Omega program (http://www.ebi.ac.uk/Tools/services/) (Sievers et al., 2011) .
Alkaline protease purification. Bacteria were cultivated in M9 medium under aerobic conditions at 37ºC for 24 h with rotational shaking (120 rpm). Then, the bacterial cultures were centrifuged at 8 000 × g for 20 min at 4ºC to pellet the cells. The post-culture fluids were filtered through a 0.3 µm-pore-size filter (Millipore) to remove any remaining bacteria. Proteins secreted into the growth medium were precipitated from the filtrates with ammonium sulphate (90% saturation) at 4ºC overnight. The precipitates were collected by centrifugation at 8 000 × g for 20 min at 4ºC, dissolved in 20 mM TrisHCl pH 8.0, and dialysed overnight against the same buffer. The dialysed solutions were fractionated using anion-exchange chromatography on a DEAE-cellulose column (DE 52, Whatman) equilibrated with 20 mM Tris-HCl pH 8.0. Proteins bound to the column were eluted with a linear gradient of 0-0.7 M NaCl in the same buffer. Fractions with proteolytic activity, eluted at 0.15-0.22 M NaCl, were pooled, concentrated with polyethylene glycol 20 000 (PEG 20 000), dialysed overnight against 20 mM Tris-HCl pH 8.0, lyophilized, and the final preparations were stored at -20ºC. The protein concentration was estimated using the Bradford method and bovine serum albumin (BSA) as a standard (Bradford, 1976) .
Proteolytic activity assay. The alkaline protease activity was measured using a modified method described by Howe and Iglewski (Howe & Iglewski, 1984) . Samples containing 5 mg of the Hide powder azure (HPA, Sigma-Aldrich) dissolved in a buffer (0.4 ml) consisting of 20 mM Tris-HCl pH 8.0, and 1 mM CaCl 2 , were mixed with 0.1 ml of the enzyme fraction. The reaction mixtures were incubated at 37ºC for 60 min with constant rotation. An undissolved substrate was removed by centrifugation at 4 000 × g for 5 min and the absorbance of the supernatants was determined at 595 nm.
Effect of temperature pre-treatment on alkaline protease activity. The enzyme solutions were pre-incubated for 30 min at different temperatures in a range of 40-95ºC. To avoid a potential calcium-induced folding and stabilization of the AP proteins, the pre-treatment was carried out in the absence of Ca 2+ ions . After rapid cooling of the samples in an ice bath, the enzymatic activity was measured under standard assay conditions described above. The relative activities were expressed as a percentage (%) of the maximum activity determined for each alkaline protease pre-incubated at 40ºC.
Steady-state fluorescence spectroscopy. Fluorescence emission spectra were measured using an F-7000 spectrofluorometer (Hitachi) at 23ºC. The excitation wavelength was set at 280 nm. The excitation and emission slits were 5 nm. The spectra were measured in samples with the same protein concentration. The protein samples were heated for 30 min at 60ºC or 90ºC. Next, the samples were cooled for 30 min at 4ºC. The spectra were analyzed using Grams/AI 9.1 software.
Fourier transform infrared spectroscopy. All measurements were carried out on a Bruker Vertex 70 spectrometer equipped with a liquid N 2 -refrigerated MCT detector. All spectra were recorded by attenuated total reflection (ATR) at room temperature (22ºC). 20-µl samples with native protein or samples heated at 60ºC and 90ºC for 30 min and then cooled for 30 min at 4ºC were deposited on the 20-reflection ZnSe crystal at the angle of incidence of 45º. The samples were quickly evaporated in an N 2 flux to obtain a homogenous film. The spectrometer was flushed with dry nitrogen gas for at least 30 min before the spectra were recorded. The FTIR measurements were recorded between 4 000 and 800 cm -1 . Each spectrum was obtained by averaging 32 scans recorded at a resolution of 2 cm -1 . Prior to data analysis, the spectra were baseline-corrected and normalised using the vector normalisation method. The ATR-FTIR spectra were cut to include an amide I band (wavelengths between 1600 and 1700 cm -1 ). The procedure was performed using the OPUS version 7.5 software. OPUS software was used to convert the FTIR absorbance spectra into second derivatives.
Polyacrylamide gel electrophoresis. Protein samples were separated by SDS-PAGE in 10% polyacrylamide gels under reducing or non-reducing conditions according to Laemmli (Laemmli, 1970) . In some experiments, native-PAGE was used. For this purpose, polyacrylamide gels and an electrode buffer did not contain SDS, while the samples were prepared by addition of saccha-rose and bromophenol blue to the final concentrations of 20% and 0.05%, respectively. Two-dimensional gel electrophoresis (IEF/SDS-PAGE) of the proteins was performed using a Protean System (BioRad) according to the manufacturer's instructions. ReadyStripTM IPG Strips pH 3-10 were used for the first dimension (Andrejko & Mizerska-Dudka, 2012) .
Zymography analysis. Gelatine zymography was conducted following the procedures described by Caballero and others (Caballero et al., 2001) . Samples of enzyme solutions (1 µg protein), non-treated or pre-treated at different temperatures, were electrophoresed under non-reducing conditions using 10% polyacrylamide gels with 0.1% gelatine at 4ºC. The purified enzymes were also analysed by zymography after IEF/SDS-PAGE. In this case, the gels used for separation in the second dimension contained 0.1% gelatine. After electrophoresis, the gels were soaked twice for 30 min in 2.5% Triton X-100 for SDS removal and incubated at 37ºC for 24 h in a gelatine gel substrate buffer (50 mM Tris-HCl pH 8.0, 10 mM CaCl 2 , 1 µM ZnCl 2 , 150 mM NaCl). The gels were stained for 60 min in 0.2% amido black and then destained in 10% acetic acid.
Immunoblotting. After electrophoretic separation (SDS-PAGE, native-PAGE, or IEF/SDS-PAGE), the proteins were electrotransferred onto PVDF membranes (Millipore) for 90 min at 350 mA. The membranes were blocked with 5% non-fat milk in Tris-buffered saline (TBS; 10 mM Tris-HCl pH 7.5, 0.9% NaCl). For identification of the alkaline protease, the membranes were probed with a polyclonal rabbit AP antiserum (1:1 000) (kindly provided by Dr. R. Voulhoux). Alkaline phosphatase-conjugated goat anti-rabbit IgGs (1:30 000) (Sigma-Aldrich) were used as secondary antibodies and immunoreactive bands were visualized by incubation with p-nitro blue tetrazolium chloride (NBT) and 5-bromo-4-chloro-3-indolyl phosphate (BCIP) (Blake et al., 1984) .
RESULTS

Purification and identification of alkaline proteases secreted by the P. aeruginosa strains
The alkaline proteases (AP) of the three P. aeruginosa strains were purified from the 24-h post-culture fluids by ammonium sulphate precipitation and ion-exchange chromatography on DEAE-cellulose. The results of zymography performed under non-reducing SDS-PAGE conditions revealed the presence of one 52 kDa band of proteolytic activity irrespective of the strain (Fig. 1A) . Immunoblotting with the polyclonal rabbit AP antiserum clearly confirmed that the alkaline protease was responsible for the proteolytic activity detected in all of the final preparations (Fig. 1B) . In addition, a single spot of proteolytic activity was detected when AP protein produced by the PA18 strain was analyzed by zymography after IEF/SDS-PAGE (Fig. 1C) . It clearly corresponded to that of approx. pI 4.5 recognized by the anti-alkaline protease antibodies (Fig. 1D) . The theoretical isoelectric point of this protein was calculated as pI 4.28 on the basis of amino acid sequence presented in Fig. 7 .
Effect of temperature pre-treatment on the activity of alkaline proteases
The activity of the studied enzymes was measured after 30-min pre-incubation at different temperatures ranging from 40ºC to 95ºC and subsequent cooling at the ice (A, C) Alkaline protease zymography analysis and (B, D) detection by specific antibodies. The proteins (1 µg) were resolved by non-reducing SDS-PAGE in gelatine gels (A) and in standard gels (B) for zymography and alkaline protease detection, respectively. For the 2D electrophoresis (C, D), the alkaline protease produced by P. aeruginosa PA18 (2 µg of protein) was resolved in the first dimension by IEF pH 3-10. In the second dimension, the protein was separated by SDS-PAGE under non-reducing conditions in a gel containing 0.1% gelatine (C) and by standard SDS-PAGE (D) for zymography and alkaline protease detection, respectively. The gelatine gels were washed and stained as described in Materials and Methods. Alkaline protease was detected after transferring proteins onto PVDF membranes and probing with anti-P. The enzymes were pre-incubated at different temperatures in the range of 40-95oC for 30 min. (A) The remaining activity was determined with the Hide powder azure as a substrate under standard assay conditions (see Materials and Methods). The activity was expressed as a percentage of the value at 40oC, which was taken as 100%. (B) For alkaline protease detection, the samples (1 µg of protein) were resolved by native PAGE, transferred onto PVDF membranes, and probed with anti-P. aeruginosa alkaline protease antibodies. The immunoblottings shown are typical representatives of at least three independent experiments. ATCC -reference strain, PA9 and PA18 -clinical isolates.
bath. As presented in Fig. 2 , the proteases pre-incubated at 40ºC exhibited the highest activity ( Fig. 2A , Table 1 ). The enzymes pre-treated at 50ºC and 60ºC retained 86-95% and 45-60% of the activity, respectively, whereas a gradual decrease in the activity level was noticed after pre-incubation at higher temperatures (70-80ºC). However, the proteases still exhibited 15% of the maximum activity after 30-min pre-incubation at 80ºC ( Fig. 2A) . Surprisingly, after pre-treatment at 90ºC and 95ºC, the proteolytic activity was higher in comparison to the enzymes pre-incubated at 80ºC. The activity level was only slightly lower than the one obtained for the 70ºC pretreated proteases ( Fig. 2A) .
In accordance with these results, only a trace signal was recognized by the anti-AP antibodies in the enzyme preparations pre-incubated at temperatures higher than 60ºC and separated by native-PAGE, in contrast to the clear signal detected in the preparations pre-incubated at lower temperatures (Fig. 2B) . Interestingly, the proteases pre-treated at 90ºC and 95ºC were better recognized by the antibodies than the 70ºC and 80ºC pre-incubated enzymes. However, the loss of the AP protein in preparations exposed to higher temperatures was not responsible for the observed effect, because anti-AP antibodies recognized an equally strong signal in the pre-incubated enzyme preparations separated by SDS-PAGE, regardless of the pre-treatment temperature (Fig. 3A) . These results suggested different alterations in the spatial conformation of the enzyme molecules occurring depending on the temperature conditions and finally resulting in gradual loss of activity. Such alterations, by affecting accessibility of different epitopes, may also explain the observed weak binding of the anti-AP antibodies after native-PAGE (Fig. 2B) .
Unexpectedly, when the activity of the proteases preincubated for 30 min at temperatures of 60-95ºC was assayed by zymography after SDS-PAGE, the evident clear bands of gelatine proteolytic degradation were detected, even after thermal denaturation at the highest temperature used (Fig. 3B) . These results suggest that the studied alkaline proteases exhibit a high renaturation capability. After being further subjected to additional denaturing conditions during SDS-PAGE, they regained the native spatial conformation and activity upon appropriate zymography conditions. In contrast, the enzymatic activity of the other extracellular metalloprotease, elastase B, produced by the three P. aeruginosa strains used, especially during growth in the LB medium (Andrejko et al., 2013) , was not restored when tested under the same conditions after thermal denaturation (Fig. 3C,  D) , further supporting the high renaturation capability of the studied AP proteins.
Spectroscopic analyses
To elucidate whether the intrinsic capability of renaturation could be, at least in part, responsible for the effects described above, AP produced by P. aeruginosa PA18 was analyzed by steady-state fluorescence spectroscopy and Fourier transform infrared spectroscopy after thermal denaturation at 60ºC and 90ºC.
Because fluorescence signals are very sensitive to the conformational organization of the macromolecule (Lakowicz, 1999) , changes in the molecular organization of the enzyme associated with denaturation and renaturation were examined using steady-state fluorescence spectroscopy (Chanchal et al., 2014; Ghisaidoobe & Chung, 2014) . In order to verify the denaturation of the protease under the high temperature treatment, fluorescence spectra of native protein and protein incubated at 60ºC for 30 min were measured. The spectra were detected at 23ºC and 60ºC, respectively. Measurement of The enzyme was pre-incubated at 60-95oC for 30 min and subjected to SDS-PAGE and immunobloting (A) or zymography (B) as described in Materials and Methods. C -control (non-temperature treated) sample. Similar results were obtained for alkaline proteases of two other P. aeruginosa strains studied. The renaturation ability of P. aeruginosa elastase B was additionally analyzed (C, D). Post-culture fluids (after 24 h of culture) of P. aeruginosa strains grown in the LB and M9 medium were pre-incubated at 60oC (C) and 85oC (D) for 10 min. The enzyme activities were determined by zymography after non-reducing SDS-PAGE as described in Materials and Methods. The zymograms shown are typical representatives of at least five independent experiments. The positions of alkaline protease (AP) and elastase B (LasB) are marked. ATCCreference strain, PA9 and PA18 -clinical isolates.
the fluorescence spectrum at 90ºC was impossible due to equipment limitations. As presented in Fig. 4 , the maximum of the fluorescence emission spectrum of the native protein was centred at 337 nm. Since typical tryptophan fluorescence emission in a water solution at neutral pH is located at 348 nm, the blue shift of maximum fluorescence emission from the native enzyme indicated that tryptophan residues are buried in a hydrophobic environment within the protein (Lakowicz, 1999; Moller & Denicola, 2002; Ghisaidoobe & Chung, 2014) . Heat treatment (60ºC) decreased the intrinsic protein fluorescence intensity by approx. 50% and red-shifted the maximum fluorescence to 340 nm. In order to confirm protein renaturation, the fluorescence emission spectra of the protein samples pre-incubated at 60ºC or 90ºC and next cooled for 30-min at 4ºC were measured (Fig. 4) . Surprisingly, the value of fluorescence intensity recovered to about 80% of the fluorescence intensity of the native protein. This result indicated the recovery of the enzyme molecular conformation after protein cooling, although not completely. Figure 5A shows the fluorescence emission spectra presented in Fig. 4 normalized to get the same area beneath each spectrum. This analysis allowed determination of the relative abundance of different molecular forms of the protein in the samples with its native, denatured, or renatured form. As can be seen from the difference spectrum (Fig. 5B) , the heat-induced (60ºC) protein denaturation was associated with a slight bathochromic spectral shift of the main emission band and with appearance of a new spectral form which gave rise to fluorescence emission band centred at 377 nm. This band had even higher intensity in the case of the renatured samples; the highest intensity was detected for the protein pre-treated at 90ºC. The changes in the secondary structure of the protein are closely correlated with the wavenumber position and the shape of the amide I band (Goormaghtigh et al., 2009; Caine et al., 2012) . The infrared spectroscopic analysis of the amide I band revealed that the secondary structure of the P. aeruginosa alkaline protease is mainly composed of β turns (1615 cm -1 ) and β-pleated sheets (1637-1623 cm -1 ) with a small proportion of α-helix (1655 cm -1 ) and random coil (1637-1645 cm -1 ) configurations, which is evidenced by the position of the maximum of the amide I band of P. aeruginosa PA 02/18 alkaline protease (Fig. 6A ) and is consistent with literature data on the molecular organization of P. aeruginosa AP protease (Baumann et al., 1993; Miyatake et al., 1995; Zhang et al., 2012) .
The experimental procedure consisting of pre-incubation of the enzyme for 30 min at 60ºC and 90ºC and then cooling, exerted a slight effect on the intensity of absorbance and the shape of the amide I band (Fig. 6A-C) . Pre-incubation of the alkaline protease at 60ºC and 90°C decreased the intensity of amide I absorbance by 5.2% and only 4.5%, respectively. The high capability of renaturation by the analyzed enzyme is confirmed by only subtle changes in the shape of the amide I band, as shown in the differential spectra and their secondary derivatives (Fig. 6B, C) . Pre-incubation at 60ºC and 90ºC caused a slight shift of the band, typical of the α-helix (1655 cm -1 ), towards localization of the β-sheet band and a decrease in the β-sheet band intensity (1629 cm -1 ), which in turn resulted in narrowing of the amide I band. Concomitantly with this decrease, a slight increase of aggregated strands (1600-1620 cm -1 ) was noticed. Paradoxically, these changes exhibited higher intensity at pre-incubation of the examined enzyme at 60ºC.
Sequence analysis of the aprA gene and AP protein in three P. aeruginosa strains In order to shed light on possible determinants of the high renaturation ability, the nucleotide sequence analysis of aprA genes followed by analysis of their deduced amino acid sequences was carried out. The presence of aprA genes encoding the alkaline protease in P. aeruginosa PA9, PA18, and ATCC 27853 strains was confirmed in our previous report (Andrejko et al., 2013) . For all of the bacterial strains analysed, 1.5-kb long amplicons encompassing the whole gene for alkaline protease were obtained. The nucleotide sequence analyses of these PCR products revealed that the PA9, PA18, and ATCC 27853 strains have a functional aprA gene in their genomes. The genes for the alkaline protease contain a 1445-bp-long open reading frame, which begins with an ATG codon and terminates with a TGA stop codon, and encodes a 481-aa long protein. The aprA genes of these strains show a very high level of nucleotide sequence identity, which is 99.8% between the PA9 and PA18 strains, 99.5% between the PA 18 and ATCC 27853 strains, and 99.24% between the PA9 and ATCC 27853 strains. These genes are also highly homologous to other alkaline metalloprotease genes available in the GenBank database, having from 99% to 100% identity to the aprA gene of P. aeruginosa strain NCGM2 (accession no. AP012280), 99% identity to the aprA gene of P. aeruginosa strain PAO1 (acc. no. AE004091), and 77% identity to Pseudomonas fluorescens strain A506 (acc. no. AY298902). These data indicate that genes encoding this type of enzymes are highly conserved in bacterial species. Also, at the amino acid level, the protein products of aprA from the P. aeruginosa PA9, PA18, and ATCC 27853 strains are almost identical; only three different amino acids were identified in the whole sequence of these proteins (positions 115, 209, and 437 aa) (Fig. 7) . The molecular masses of these enzymes calculated from their amino acid sequences are 50.7 kDa. The AP proteins of the PA9, PA18, and ATCC 27853 strains show significant homology to enzymes belonging to alkaline metalloproteases (ZnMc-serralysin-like subfamily) containing the HEXXHXUGUXH motif with three histidine residues responsible for zinc ion coordination. P. aeruginosa AP proteins have an identical HEIGHTLGLSH motif (conserved aa are underlined), which is located in their sequence region spanning from 187 to 197 aa. The N-terminal (1-258 aa) and Cterminal (259-481 aa) regions of these proteins comprise a Zn-binding serralysin-like domain and a peptidase M10 serralysin domain, respectively. The AP proteins of the PA9, PA18, and ATCC 27853 strains show the highest sequence homology to AP of P. aeruginosa PAO1 (99% identity, 100% similarity) (acc. no. NP_249940) and the alkaline metalloproteinase precursor of P. aeruginosa PA7 (95%/98%) (ABR83878). However, there was a high degree of homology with serralysin of P. syringae pv. tabaci ATCC 11528 (64%/76%) (EGH90818), extracellular alkaline metalloprotease AprA of P. fluorescens A506 (60%/73%) (AFJ54733), serralysin-like metalloprotease of P. putida (65%/77%) (WP_038994098), and serralysin of Serratia marcescens SM6 (54%/68%) (P23694). These data confirm that the aprA genes identified in the genomes of the P. aeruginosa PA9, PA18, and ATCC 27853 strains encode proteins whose sequences are very similar to each other and highly conserved in the Pseudomonas species. Among these three AP proteins, enzymes from PA9 and PA18 proved to be the most similar but more distantly located in relation to that from strain ATCC 27853.
DISCUSSION
In the study presented here, alkaline proteases of three P. aeruginosa strains were obtained from post-culture fluids after cultivation of bacteria in the synthetic minimal M9 medium. The 52 kDa protein band was recognized by specific anti-P. aeruginosa alkaline protease antibodies, confirming production of this protease by all of the P. aeruginosa strains studied. The results of sequence analyses and similarity searches provided clear evidence that each of the three proteases can be undoubtedly classified as an P. aeruginosa alkaline protease.
The studied proteases retained 45-60% of their activity after pre-treatment at 60ºC, and 15% of the activity after 30 min pre-incubation at 80ºC. Interestingly, pre-incubation at 90-95ºC resulted in a higher activity level than at 80ºC, suggesting that the treatment at these temperatures induced different alterations in the protein molecular organization. The retention of partial activity after heat treatment and subsequent cooling pointed toward a high renaturation capability of the P. aeruginosa alkaline proteases, an attribute that has not been reported earlier. In comparison to some alkaline proteases of other P. aeruginosa strains reported in the literature, the studied enzymes were even more thermostable. Bayoudh and others (Bayoudh et al., 2000) reported that the alkaline protease of the MN1 strain retained more than 90% and 66% of the initial activity after 15 and 120 min incubation at 60ºC, respectively, but it completely lost the activity after 15 min incubation at 80ºC. The alkaline protease of P. aeruginosa strain K was completely inactivated upon incubation at 80ºC for 30 min (Rahman et al., 2006) .
Steady-state fluorescence spectroscopy was used to examine changes in the molecular organization of the alkaline protease of P. aeruginosa PA18 associated with its heat-induced denaturation and renaturation. As expected, the high temperature affected the enzyme's spatial structure. However, after cooling, the value of fluorescence intensity of the 60ºC-and 90°C-pre-treated enzyme was only 20% lower than the value of fluorescence intensity of the native protein, indicating the high level of recovery of the enzyme's spatial conformation. The fluorescence changes detected at 60°C (a shift of the maximum fluorescence from 337 nm to 340 nm) may indicate an increase in the exposure of tryptophan residues to the polar solvent resulting from the thermal protein unfolding (Lakowicz, 1999; Uttam et al., 2011; Zhang et al., 2012; Ghisaidoobe & Chung, 2014) . On the other hand, it cannot be excluded that the observed decrease in fluorescence intensity at this temperature may also result from the effect of temperature on the fluorescence emission intensity. It is known that fluorescence intensity of aromatic amino acids decreases along with an increase in the temperature of the sample (Gally & Edelman, 1962) . The appearance of the band at a longer wavelength, mainly after cooling (377 nm), can be attributed to protein fluorophore aggregates resulting from the formation of a large macromolecular protein structure (Lakowicz, 1999) . It was demonstrated that the RTX-containing domain of P. aeruginosa alkaline protease can form polymers (Zhang et al., 2014) , a feature that may be involved in the observed changes. The higher level of oligomerization after the 90ºC pre-treatment in comparison to the pre-treatment at 60ºC, may also contribute to the lower level of activity of the renatured enzyme pre-incubated at 90ºC. In addition, molecular oligomers are known as very effective fluorescence quenchers (Bhattacharya et al., 2011; Hong et al., 2011) . Hence, the partial protein oligomerization, in addition to the possible protein unfolding, can explain the lack of total recovery of the alkaline protease fluorescence intensity. A similar effect was reported for recombinant Acinetobacter baylyi diketoreductase. An analysis of thermal-induced unfolding and renaturation of this enzyme indicated that renaturation from 90ºC and 80ºC was more complete than that from 70ºC and 60ºC, with a tendency of better recovery of enzymatic activity from higher unfolding temperatures. The phenomenon was explained by a collective contribution of partial aggregation and structural changes occurring in the protein molecules (Lu et al., 2010) . In turn, results of a study performed on Escherichia coli γ-glutamyltranspeptidase, a hetero-dimeric enzyme, suggested that structural features of a large subunit were important for the renaturation process after thermal denaturation (Van Ho et al., 2013) . Interestingly, presence of an additional loop composed of 12 residues in the C-terminal segment of the Bacillus subtilis γ-glutamyltranspeptidase large subunit caused steric perturbations and prevented reconstitution of the active hetero-dimer complex after thermal denaturation (Van Ho et al., 2013) .
Analysis of the secondary structure based on infrared absorption spectroscopy (FTIR) confirmed the high renaturation capability of the studied alkaline protease. The results did not show any clear changes in the α-helix configuration (1655 cm -1 ) and extension of the β-sheet band within amide I. This suggested recovery of the secondary structure of the enzyme subjected to pre-incubation at 60ºC and 90ºC. However, the slight decrease in β-sheet band intensity concomitantly with the increase at 1600-1620 cm -1 could suggest partial protein aggregation (Tamm & Tatulian, 1997) . It was demonstrated that a function of temperature is a decrease in predominantly secondary structural element, β-sheet or α-helix, which is replaced by intermolecular β-sheet structure common in the aggregated state of proteins (Dong et al., 1997; Dong et al., 2000; Kong & Yu, 2007) .
The results indicated an intrinsic ability of the studied alkaline proteases to partially regain spatial conformation after thermal denaturation and subsequent cooling, which allowed partial recovery of activity. After exposure to further denaturing conditions (SDS), the enzymes were even more prone to renaturation, which was clearly evidenced by zymography. Most probably, an important factor in this process was the presence of calcium ions in a zymography buffer, known to induce proper folding and stabilization of a P. aeruginosa alkaline protease .
The high identity of the nucleotide and amino acid sequence of the studied alkaline proteases with alkaline metalloproteases produced by other P. aeruginosa strains suggests that the renaturation capability reported here may be a common feature of P. aeruginosa alkaline proteases. As mentioned, Zhang and others Zhang et al., 2014) reported on the role of calcium ions in induction of proper folding and stabilization of the molecular spatial conformation of a P. aeruginosa alkaline protease. In single site mutation experiments in which a Val residue located centrally in the interface between the RTX and proteinase domains was replaced by an Asp residue (V280D), they demonstrated that disruption of the domain-domain interface had reduced the protease activity and that proper association between these two domains is important for folding and activity of AP. Furthermore, truncation or disruption (A5D, V9D, F12D ) of the N-terminal α-helix caused a decrease in the AP stability, suggesting a critical role for interactions between this α-helix and RTX domain for native state stability . The alkaline protease, as other RTX-containing proteins, is secreted by the Type 1 secretion system (T1SS). Due to the physical constrains of this system, most probably the protein has to be unfolded during the secretion process and becomes folded at an appropriate concentration of calcium ions once secreted outside the cell. The high renaturation capability of P. aeruginosa alkaline protease demonstrated in this paper may additionally facilitate effective folding of the molecule after secretion, thereby contributing to the enzymatic activity. Exploring AP properties that influence its folding provides further insight into understanding the mechanisms of virulence of Pseudomonas and other Gram-negative bacteria that utilize RTX-containing virulence factors. Actually, production of this type of proteins may favour bacteria in the competition with other microorganisms fighting for the same niche inside the body of an infected host, as well as in the external environment.
